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Improved assessment of the hemodynamic
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Objective: To improve the assessment of the hemodynamic significance of borderline iliac stenoses (stenosis with a peak
systolic velocity [PSV] ratio between 1.5 and 3.5) by means of hyperemic duplex scanning. The duplex ultrasound
parameter—absolute increase in PSV across the stenosis after exercise (PSVe)—was studied prospectively.
Patients and Methods: Fifty-eight legs in 53 consecutive patients with symptomatic arterial obstructive disease with
borderline iliac stenosis were studied prospectively. Ultrasound velocity data collected after exercise on a bicycle
ergometer at 2 W/kg during 2 minutes were judged against the assessment of the hemodynamic significance by means of
intraarterial pressure measurement, before and after the administration of 50 mg papaverine.
Results: On the basis of receiver operating characteristic curves traced for 43 iliac stenoses in 39 patients who finished the
exercise, PSVe>1.4 m/s had optimal sensitivity of 93% (95% confidence interval [CI], .77-.99), specificity of 87% (95%
CI, .60-.98), positive predictive value of 93% (95% CI, .77-.99) and negative predictive value of 87% (95% CI, .60-.98).
Conclusions: The results of this study show that PSVe with a cutoff value of 1.4 m/s in combination with the PSV ratio
improves the assessment of the hemodynamic significance of borderline iliac artery stenoses if the patient can accomplish
the workload. (J Vasc Surg 2002;36:575-80.)
Duplex scanning is generally regarded as a reliable,
noninvasive technique for the assessment of arterial occlu-
sive disease in the lower extremities.1 The peak systolic
velocity (PSV) ratio—the PSV at the site of the stenosis
divided by the PSV in the pre- or poststenotic region—is
the most widely accepted duplex ultrasound parameter in
assessing the grade of atherosclerotic lesions. However,
previous studies have shown that both angiography and
duplex scanning (PSV ratio) compared with intraarterial
pressure measurements fail to detect hemodynamically sig-
nificant stenoses in the aortoiliac tract.2-5 This may be
because both the PSV ratio and angiography provide infor-
mation related to the changes in luminal cross-sectional
area.6-12 In contrast, intraarterial pressure measurements
(IAPM) before and after the administration of a vasodilat-
ing agent have proved to be more accurate in evaluating the
hemodynamic significance of aortoiliac lesions, because of
the ability to provide functional information.13-15 There-
fore, IAPM is still mandatory in cases of diagnostic uncer-
tainty in the aortoiliac tract.
Earlier studies have confirmed that the PSV ratio is not
related to the total amount of blood that passes the steno-
sis, and have shown that two alternative duplex ultrasound
parameters—the absolute increase in PSV across the steno-
sis (PSV), which is the PSV at the site of the stenosis
minus the PSV in the pre- or post-stenotic region, and the
end-diastolic velocity (EDV)—are both related to the flow
and might be of value in improving the assessment of the
hemodynamic significance of aortoiliac stenoses by duplex
scanning under conditions of increased flow.16-20
The aim of this study was to define cutoff values for
PSV and EDV measured after physical exercise (PSVe
and EDVe) and to assess their ability in the assessment of
the hemodynamic significance of borderline iliac stenoses.
Borderline iliac stenoses were defined in this study as ste-
noses with borderline hemodynamic significance with a
PSV ratio between 1.5 and 3.5. PSV ratios 1.5 were not
considered hemodynamically significant and a PSV ratio
3.5 is highly suggestive of a stenosis 50%.
PATIENTS AND METHODS
Patients. Between March 1999 and October 2000,
patients with arterial obstructive disease of the lower limb
were referred to our vascular laboratory for duplex scanning
of the aortoiliac tract and were considered as potential
candidates for inclusion in this study. To judge the presence
or absence of arterial insufficiency the ankle-brachial index
(ABI) was estimated at rest and after treadmill exercise. The
presence of arterial insufficiency was defined as an ABI
0.90. In case of an ABI of 0.90 at rest, the ABI after
treadmill exercise should be 0.90. Inclusion criteria were
patients with a solitary iliac lesion with a PSV ratio between
1.5 and 3.5 (Fig 1). Patients with PSV ratio 1.5, PSV
ratio 3.5, or multiple stenoses in the iliac tract were
excluded. To diminish the effect of serially connected mul-
tiple stenoses on the measurements of the pressure gradi-
ent, which could obscure analysis of the pressure-to-veloc-
ity relationship, only those sites with a solitary stenosis on
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ultrasound scanning were included.21 In addition to aor-
toiliac duplex scanning, some patients had femoropopliteal
and/or cruropedal duplex scanning. A solitary stenosis in
the iliac arteries combined with femoropopliteal and/or
cruropedal lesions was not a contraindication for inclusion.
Methods. Duplex scanning was performed with 3.5 to
5.0 MHZ B-mode linear or curved-linear probes incorpo-
rating a 3.5-MHZ Doppler probe (Hewlett Packard Sonos
2000, Hewlett Packard, Andover, Mass). Doppler samples
were obtained from the site of the stenosis and at the site
where the lowest pre- or poststenotic PSV value was mea-
sured in the same arterial segment. If a lesion was located at
the origin of an arterial segment the poststenotic PSV was
taken. Velocity parameters were measured from the spectral
waveforms in meters per second. At the time the patient was
included in the study, new duplex scanning was performed
at rest merely to locate the lesion and to ensure an efficient
and optimal scanning after exercise. Subsequently, exercise
was performed for 2 minutes on a bicycle ergometer (Tun-
turi, ECB Pro Ergometer E 850, Tunturipyo¨ra¨ Oy, Fin-
land). Cycling frequency was for all patients approximately
50 rotations per minute. To increase blood flow, the exer-
cise load was increased gradually towards 2 W/kg. The
workload of 2 W/kg is based on patient weight. For
example, a patient weighing 70 kg performed exercise at a
workload of 140 W during 2 minutes. A bicycle ergometer
was preferred, because preliminary experiments (as part of a
formerly published study)18 to standardize the workload
showed an optimal flow increase after cycling. These pre-
liminary studies showed that a workload of 2 W/kg during
a period of 2 minutes was acceptable for most atheroscle-
rotic patients. Moreover, on termination of the exercise,
restoration of the lower limb blood flow takes up to 12
minutes. Immediately after the exercise, the patients were
asked to lie down again and were rescanned. The PSV,
EDV, and PSV ratio were determined after exercise
(PSVe, EDVe). In the analysis of the data, the first mea-
sured PSV ratio was used. Duplex scanning was performed
by either of the two experienced vascular technologists
(I. Z. and J. v. G.).
Intraarterial blood pressures were measured (S. C. and
D. U.) in the vascular laboratory after duplex scanning.
These were performed both at rest and after intraarterial
administration of 50 mg of papaverine (a peripheral vaso-
dilator) via the common femoral artery. The pressure mea-
surements were performed simultaneously in the radial
femoral arteries in the groin using an Arrow 20G catheter
(Arrow International, Inc, Reading, Pa), and a Micro-
lance-3 21G needle (Becton, Dickinson, and Company,
Franklin Lakes, NJ), respectively, both connected to a
pressure transducer. The radial artery pressure was mea-
sured in the arm as the highest systolic blood pressure. In
the event that cannulation of the radial artery was unsuc-
cessful, blood pressure was measured indirectly at the upper
arm with a cuff connected to a Dinamap Plus pressure
monitor (Dinamap Plus Vital Signs Monitor 8720, John-
son & Johnson, Tampa, Fla). The investigators who mea-
sured the intraarterial pressure were blinded to the results
of the PSVe and EDVe, but not to the PSV ratio. An
absolute peak systolic pressure gradient of  20 mm Hg at
rest and/or a decrease in femoral-radial pressure index
(FBI) of 15% after the administration of papaverine was
considered hemodynamically significant. This cutoff level
preserves the mean between several recommended values in
the literature.14,15 This study was designed to study the
value of the PSVe and EDVe in the assessment of the
hemodynamic significance and not the changes in cross-
sectional area of iliac stenoses. For this reason, intraarterial
pressure measurement (IAPM) was chosen as reference
standard in this study.
For PSV ratio, PSVe and EDVe sensitivity, specificity,
predictive values, posterior probability for presence of dis-
ease in case of positive test result (PostP), posterior
probability for presence of disease in case of negative test
result (PostP-) were calculated from 2  2 tables of index
tests vs reference test (IAPM). To analyze the relationship
between sensitivity and specificity of PSVe and EDVe,
receiver operating characteristic (ROC) curves were con-
structed. The ROC curves were then used to choose the
best cutoff value for PSVe and EDVe. The differences
between PSV ratio, PSV, and EDV before and after
exercise were statistically analyzed with the Wilcoxon test.
A P value of .05 was considered statistically significant.
Calculations were performed with statistical software SPSS
10.0.7 for Windows (SPSS Benelux BV, Gorinchem, The
Netherlands). The study was approved by the medical
ethical committee, and written informed consent was ob-
tained from all patients.
RESULTS
In the study period of 20 months, 554 patients were
referred to our vascular laboratory for aortoiliac duplex
scanning. Of these, 499 patients did not meet the inclusion
criteria because they had a PSV ratio outside the PSV
Fig 1. Flow diagram from “ischemic leg” to “borderline iliac
stenosis.”
JOURNAL OF VASCULAR SURGERY
September 2002576 Coffi et al
interval of between 1.5 and 3.5, and two patients with a
PSV ratio between 1.5 and 3.5 did not consent to study
inclusion. Thus, 53 consecutive patients (44 male, 9 fe-
male), with a median age of 67 years (range, 38-83 years)
years, ie, a total of 58 iliac segments with an isolated
stenosis, were studied prospectively. The median ABI of
these patients at rest was 0.70 (range, 0.26-1.1). After
treadmill exercise, the median ABI was 0.40 (range,
0-0.88). Forty-eight patients (52 limbs) had intermittent
claudication and five (6 limbs) had rest pain. In addition to
the isolated iliac stenosis, 40 patients (44 limbs) showed
femoropopliteal atherosclerotic lesions. Thirteen patients
(14 limbs) showed no femoropopliteal lesions. Five pa-
tients showed bilateral iliac stenoses. Patients with aortic
stenoses were not included.
Aortoiliac duplex scanning before and after exercise was
performed in all patients and all Doppler samples could be
taken within 3 minutes after termination of exercise. In 15
patients (18 limbs), radial artery cannulation was unsuc-
cessful. In those patients the blood pressure was measured
indirectly at the upper arm with a cuff connected to a
Dinamap Plus pressure monitor. At the beginning of the
study we compared the blood pressure through cannula-
tion of the radial artery simultaneous with brachial pressure
measurement using a cuff connected to a Dinamap Plus
pressure monitor in 13 patients. The results were found to
be comparable in all 13 patients. The possibility of unilat-
eral subclavian stenosis was excluded, given that there were
no differences in pressure of 15 mm Hg between the two
arms. However, no FBI of100% was observed that would
suggest a bilateral subclavian stenoses.
Thirty-nine (43 iliac stenoses) of the 53 included pa-
tients who were able to accomplish the workload of 2
W/kg, whereas 14 patients (15 iliac stenoses) were not able
to because of fatigue or disabling claudication. Only the 39
patients (43 iliac stenoses) who were able to accomplish the
workload were included in the analysis. The median PSV
ratio at rest and after exercise was 2.0. After exercise,
median PSV increased from 1.2 m/s (range, 0.3-3.2
m/s) at rest to 1.9 m/s (range, 0.1-6.3 m/s). This increase
was statistically significant (P  .001). The median EDV
increased from 0 (range, 0-0.8 m/s) at rest to 0.8 m/s
(range, 0-3.2 m/s) after exercise. This increase was also
statistically significant (P .001). According to the IAPM,
28 of the 43 included iliac stenoses (65.1%) were hemody-
namically significant stenoses. Fourteen of the 28 stenoses
were determined to be hemodynamically significant with-
out papaverine and 14 after the administration of papaver-
ine. Of the 14 hemodynamically significant stenoses after
the administration of papaverine, four stenoses had a PSV
ratio between 1.5 and 1.9, eight stenoses had a PSV ratio
between 2.0 and 2.9, and two stenosis had a PSV ratio
between 3.0 and 3.5.
Figure 2 shows the relation between PSV ratio at rest,
PSVe (1.4 m/s) and the hemodynamic significance ac-
cording to IAPM of the 43 iliac stenoses included. This
graph reflects a poor correlation between PSVe and PSV
ratio. After exercise, a cutoff level for PSVe of 1.4 m/s was
the most appropriate with use of ROC curve analysis to
discriminate between hemodynamically significant and in-
significant iliac stenoses (Fig 3). Sensitivity and specificity
were 93% and 87%, respectively. In Fig 2 the additional
value of PSVe  1.4 m/s. When we use a cutoff level for
PSV ratio of 2.0 (vertical reference line) and a cutoff level
for PSVe of  1.4 m/s (horizontal reference line), it
becomes clear (as shown in Fig 2) that seven false-negative
results when using the PSV ratio became “true positives”
when using the PSVe. The optimum cutoff level for EDVe
was 0.7 m/s with a sensitivity and specificity of 75% and
73%, respectively.
Fig 2. The relation between PSV ratio at rest, PSVe (1.4 m/s)
and the hemodynamic significance according to IAPM. Vertical
reference lines illustrate the inclusion criteria interval. Horizontal
reference line illustrate the cutoff level for PSVe of 1.4 m/s (solid
symbols, hemodynamically significant; open symbols, hemodynami-
cally insignificant) Overall results of 43 iliac stenoses.
Fig 3. ROC curve ofPSVe (m/s) in the iliac arteries for discrim-
ination between hemodynamically significant and insignificant
borderline iliac stenoses. Overall results of 43 iliac stenoses.
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Table I shows the diagnostic parameters for PSVe
1.4 m/s and EDVe 0.7 m/s. The observed number of
false positive and false negative are very acceptable for a
PSVe cutoff value of 1.4 m/s. For a EDVe cutoff value of
0.7 m/s, the observed number of false-positive and false-
negative results were high. Table I also shows the results of
the prior probability (ie, 65% in this study), posterior
probability for presence of disease in case of positive test
result and posterior probability for presence of disease in
case of negative test result are listed for both the PSVe and
EDVe. The changes from prior to post probabilities are very
acceptable for PSVe and moderate for EDVe. The PSV
ratio cutoff values of 2.0 and 2.5 are the two most used
values to identify significant stenoses.1 To assess the addi-
tional value of PSVe with the optimum cutoff value of 1.4
m/s, a PSVe of 1.4 m/s was compared to the PSV ratio
cutoff values 2.0 and 2.5 as calculated in the present study
for iliac stenoses with a PSV ratio between 1.5 and 3.5. In
Table II, the results forPSVe1.4 m/s are listed together
with those of PSV ratio cutoff levels 2.0 and 2.5, showing a
better performance of the PSVe parameter.
DISCUSSION
The hemodynamic significance of stenosis in a given
artery not only depends on the reduction in luminal cross-
sectional area but also on the total amount of blood flow
that passes that stenosis. This study investigated the value of
duplex scanning after physical exercise in the assessment of
borderline iliac stenoses by using duplex ultrasound param-
eters that are related to flow. Applying PSVe with a cutoff
value of 1.4 m/s in combination with the PSV ratio im-
proves the differentiation between hemodynamically signif-
icant and insignificant borderline iliac stenoses substantially
in those patients who are able to accommodate a workload
of 2 W/kg for 2 minutes.
It is often said that duplex scanning provides hemody-
namic information. Essentially this is true, as duplex scan-
ning measures blood flow velocities, the level of which is
directly related to the amount of blood flow. However, this
relationship does not apply to the PSV ratio, as the PSV
ratio is theoretically independent of the total amount of
blood flow. (For further understanding of the theoretic
considerations concerning the PSV ratio refer to references
16-20.)
Elsman et al,18 Coffi et al,20 and Currie et al22 studied
the effects of hyperemia on the relation between Doppler
parameters and blood flow. They found an increase in
Doppler parameters with higher flow rates, suggesting that
Doppler investigation under hyperemic conditions might
be of value in the assessment of the hemodynamic signifi-
cance of stenoses. The present study confirms both the
theoretical concept and the value of Doppler investigation
under hyperemic conditions by comparing it with intraar-
terial pressure measurements. In one other study, PSVe
was also compared with the pressure gradient measured
intraarterially in the aortoiliac tract,19 A sensitivity and
specificity of 100% and 82%, respectively, was found for
PSVe by using a cutoff value of 1.6 m/s. The investigators
included the entire spectrum of iliac stenoses, ranging from
minimal to subtotal stenoses. The disadvantage is an over-
estimation of the sensitivity and specificity of the PSVe,
which is probably less when investigating only borderline
iliac lesions. Hence, the aim of the present study was to
estimate the value of PSVe and EDVe to differentiate
between significant and insignificant lesions in patients with
borderline iliac stenoses. For this purpose we included only
isolated iliac stenoses with PSV ratios between 1.5 and 3.5.
In our view, this approach is methodologically more accu-
rate to estimate the optimal cutoff point needed for dis-
crimination. Thus, an optimum cutoff value of 1.4 m/s was
found for the PSVe. The EDVe, with an optimum cutoff
value of 0.7 m/s, appeared less predictive than PSVe,
because it identified fewer significant iliac lesions.
In the patients who were able to accomplish the work-
load, we found four false test results (two false negatives,
two false positives) withPSVe cutoff value of 1.4 m/s (Fig
2, Table I). A probable explanation for the two false nega-
tives might be that the hyperemia as induced by physical
exertion is less than that induced by a peripheral vasodilator
during intraarterial pressure measurement. We do not have
a clear explanation for the two false positives. Because of the
technical aspects of duplex scanning and the hemodynam-
ics of blood flow, duplex scanning may produce errors in
velocity measurements.23,24 This possibility of producing
errors is also reflected in the moderate interobserver agree-
ment of the assessment of iliac stenoses with duplex scan-
ning as found in a previous study.25 On the other hand, it is
debatable whether intraarterial pressure measurement is the
best standard reference for the assessment of the hemody-
namic significance of iliac lesion. From a theoretical point
of view, intraarterial pressure measurement is the best
method for assessing the hemodynamic significance of aor-
toiliac stenoses; however, measurements may be affected
adversely by the kinetic energy of blood flow on the cath-
eter. Air trapping, length of tubing system, and the pressure
transducer itself are also potential sources of error in the
measurement of intraarterial blood pressure. This study did
not address the relation between intraarterial pressure mea-
surement, the choice of treatment, and the final outcome,
the assessment of which may have put the value of hyper-
emic duplex scanning for borderline iliac stenoses in a
better perspective.
The number of included patients was relatively small.
Despite that, we were able to demonstrate the additional
Table I. Diagnostic parameters for PSVe and EDVe
PSVe
(m/s)
EDVe
(m/s) TP TN FP FN
PriorP
%
PostP
%
PostP
%
 1.4 — 26 13 2 2 65 93 13
— 0.7 21 11 4 7 65 84 39
TP, True positive; TN, true negative; FP, false positive; FN, false negative;
PriorP, prevalence; PostP, posterior probability for presence of disease in
case of positive test result; PostP, posterior probability for presence of
disease in case of negative test result. Overall results of 43 iliac stenoses.
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value of the PSVe compared with the PSV ratio at rest.
Hence, depending on the PSV ratio cutoff value used in a
vascular laboratory (eg, PSV ratio cutoff value of 2.0 or
2.5) the following algorithm is advocated (Fig 4). If the
PSV ratio is found to be greater or equal than the applied
PSV ratio cutoff value, an iliac stenosis is “significant,” on
the basis of the high positive predictive value of the PSV
ratio. Appropriate intervention is recommended in these
patients. When the PSV ratio is between 1.5 and the applied
PSV ratio cut-off value (2.0 or 2.5), repeated duplex scan-
ning after exercise is indicated to assess the hemodynamic
significance of the iliac lesion. If PSVe is 1.4 m/s, the
iliac stenosis is “significant.” In these patients we also
recommend appropriate intervention. If PSVe is 1.4
m/s, the presence of a “significant” iliac stenosis is very
unlikely. In these patients we do not recommend further
evaluation or intervention. In patients with a PSV ratio
2.5 [or 2.0] and who are not able to exercise, we recom-
mend intraarterial pressure measurement for further diag-
nosis.
Our study is the first with a rigid design to evaluate the
clinical value of hyperemic duplex scanning for borderline
iliac lesions. To judge the generalization of hyperemic
duplex scanning to other vascular laboratories, we suggest
that this study be repeated. Furthermore, the relevance of
hyperemic duplex scanning of iliac artery in the clinical
pathway needs further study.
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